Abstract: Co-Mn-Mg-Al oxides were synthesized using auto-combustion and co-precipitation techniques. Constant ratios were maintained with (Co + Mn + Mg)/Al equal to 3.0, (Co + Mn)/Mg equal to 1.0 and Co/Mn equal to 0.5. The chemical and structural composition, redox properties, oxygen storage capacity and oxygen mobility were analyzed using X-ray fluorescence (XRF), X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM), temperature-programmed reduction of hydrogen (H2-TPR), oxygen storage capacity (OSC), oxygen storage complete capacity (OSCC) and isotopic exchange, respectively. The catalytic behavior of the oxides was evaluated in the total oxidation of a mixture of 250 ppm toluene and 250 ppm 2-propanol. The synthesis methodology affected the crystallite size, redox properties, OSC and oxide oxygen mobility, which determined the catalytic behavior. The co-precipitation method got the most active oxide in the oxidation of the volatile organic compound (VOC) mixture because of the improved mobility of oxygen and ability to favor redox processes in the material structure.
Introduction
A number of studies have investigated the individual oxidation of volatile organic compounds (VOCs), such as toluene, ethyl acetate, 2-propanol, among others [1] [2] [3] [4] . However, in practical applications, emissions from industrial sources or mobile sources contain VOC mixtures with different compositions and concentrations, which increases the difficulty of predicting catalytic behavior; thus, new catalytic materials must be developed that can achieve a greater efficiency in removing mixtures of these contaminants.
According to certain authors, the oxidation of a mixture provokes the inhibition of the reaction, which is manifested as an increase in the temperature required for the conversion of a compound. This behavior could occur as a result of competition among VOCs for adsorption at the active sites [5, 6] or competition by oxygen atoms chemisorbed [7] .
According to the literature [8, 9] , the behavior of components in a mixture has been difficult to predict because such behavior is dependent on the composition of the mixture, number and proportion of components, and nature of the catalyst Mixed Mn and Co oxides are considered valuable materials in oxidation reactions because of their ability to occur in multiple oxidation states and optimum oxygen storage capacity [10] . In general, a redox mechanism occurs in the oxidation of volatile organic compounds in which the surface oxygen or lattice oxygen in the oxide may be involved. In Co and Mn oxides, the lattice oxygen has been found to participate in the oxidation of propene, CO, and VOCs [11] [12] [13] demonstrating an elevated oxygen mobility in these materials.
Numerous synthesis methods have been used to prepare metal oxides [14, 15] and co-precipitation is one of the most frequently used for the generation of hydrotalcites as precursors of mixed oxides [16, 17] . The thermal decomposition of hydrotalcites leads to the formation of oxides with interesting properties, such as elevated surface area (100-300 m 2 /g), homogeneous element interdispersion, active phase dispersion, synergistic effects and basic characteristics [17, 18] . Similarly, auto-combustion represents another important synthesis method in the preparation of mixed oxides in shorter synthesis times and without a precursor requirement. The characteristics that contribute to the unique properties of synthesized products can be summarized as follows: (i) initial reaction medium (aqueous solution) can mix reactants at a molecular level; (ii) high reaction temperatures ensure high purity and crystallinity products; and (iii) short process duration and gas formation inhibit increases of particle size and favor the synthesis of solids with large surface area [19] [20] [21] . Studies on mixed oxides obtained by the use of hydrotalcite-type precursors and prepared by the auto-combustion method that focus on their oxygen storage ability, reoxidation capacity, oxygen mobility and relationship between these properties and their catalytic performance are limited in number. In the present work, relationships between the catalytic activity in the oxidation of a VOC mixture and oxygen mobility and oxygen storage capacity in the Co-Mn mixed oxides are established.
Results and Discussion

Precursors Characterization
The diffraction patterns of the Mn and Co samples obtained by the auto-combustion and co-precipitation methodologies prior to the calcination process at 500 °C are presented in Figure 1 . In the material prepared by co-precipitation, the typical formation of the hydrotalcite-type precursor (HTCoMn) is observed, with intense signals at 11.3, 22.6 and 34.4° 2θ, which indicate the generation of a well-crystallized layered structure with 3R symmetry [22] . In addition to the hydrotalcite phase, signals attributed to the MnCO3 rhodochrosite phase and the Mn3O4 hausmannite phase (JCPDS 44-1472 and JCPDS 24-0734) are observed. The lattice parameters a and c (distance between two neighboring cations and thickness of three brucite layers along with their interlayer space, respectively) calculated for HTCoMn correspond to 0.306 nm and 2.27 nm, respectively. The similarity between the values calculated for HTCoMn and values reported in the literature (a = 0.306 nm and c = 2.34 nm) confirm the formation of a layered structure [25] . However, the decrease in value of parameter c in HTCoMn is most likely because of an increment of the electrostatic forces between the layers and interlayer of the structure, an effect that is only possible if ions such as Mn 3+ are present in the brucite layers.
On the other hand, the X-ray diffraction (XRD) profile of the sample obtained by auto-combustion exhibits direct formation of the mixed oxide. The peaks at 42.4 and 61.7° 2θ are attributed to the MgO periclase phase (JCPDS 45-0946), whereas the signal at 36.2° 2θ is attributed to the formation of Mn or 
Co spinels. The lattice parameter a calculated for the oxide using the d(200) reflection of the periclase phase corresponds to 0.427 nm. This value is higher than that found for the Mg-Al oxide synthesized by auto-combustion (0.419 nm) suggesting the partial incorporation of Co and/or Mn ions into the MgOAl2O3 oxide matrix. On the other hand, it is widely reported in the literature that the thermal decomposition of Mg-Al hydrotalcites starts with the loss of interlayer water molecules at 150-200 °C, followed by the collapse of the hydroxide layers in the temperature range of 300-400 °C and the total loss of the layered structure above 500 °C [26] . Figure 2 shows the diffraction patterns of the Co-Mn mixed oxides obtained by auto-combustion (ACCoMn) and generated after the thermal decomposition of the hydrotalcite-type precursor at 500 °C (CPCoMn). The CPCoMn profile does not show signals associated with the hydrotalcite phase, confirming the total destruction of the layered structure and formation of the corresponding mixed oxide.
Characterization of the Mixed Oxides
After the calcination process, more spinel-type species are segregated in the ACCoMn because of the oxidation of Mn and Co ions after the thermal process. These species can be derived from the Co-Mn-Mg-Al mixed oxide matrix as indicated by the increased signal intensity at ~36° 2θ and decreased signal intensity corresponding to the MgO phase, which shifts towards higher 2θ values (~ 44°) with respect to the non-calcined ACCoMn oxide (Figure 1 can occur in the Mn oxide lattice to form solid solutions [23] . This result was reported by Sinha et al. [28] who indicated that Co 2+ can randomly substitute Mn 2+ or Mn 3+ at tetrahedral or octahedral sites, respectively, because of its affinity towards both sites. The average size of the crystalline aggregate of the ACCoMn and CPCoMn mixed oxides was calculated using the Scherrer equation and hausmannite (211) plane (Table 1) , and this value correspond to the mixture of different spinel-type species.
The ACCoMn solid exhibits a much smaller particle size than that obtained by co-precipitation, which is attributed to the great amount of gaseous products formed during synthesis that avoid interparticle contact and improve dispersion in terms of the crystallite size. The greater crystallite size of CPCoMn is justified because of the aging processes that occur during synthesis by co-precipitation, which favors crystal growth.
The N2 adsorption desorption isotherms of the Co-Mn mixed oxides are shown in Figure 3 . CPCoMn reveals a type II isotherm characteristic of macroporous materials with an H1 hysteresis loop, associated with a uniform pore arrangement. On the other hand, ACCoMn exhibits a type IV isotherm characteristic of mesoporous materials with a type H3 hysteresis loop proper of pores in a slit form [29] . The area of the oxide synthesized by co-precipitation is attributed to the formation of pores resulting from the destruction of the laminar spaces of the hydrotalcite by calcination process (loss of water and carbonates) whereas in the oxide prepared by auto-combustion, the area is the result of the evolution of gases such as CO2 and H2O generated during the combustion process. However, the specific area determined in the ACCoMn oxide corresponds to an approximation of the real area of the solid due to the presence of pores of a large size (micrometer order) which limit the determination of the textural properties by means of the adsorption of N2 technique [30] . Within Mn oxides, the hausmannite phase (Mn3O4) is the most sensitive in Raman spectroscopy, and it has a characteristic intense peak at approximately 654 cm −1 (A1 g) that corresponds to the Mn-O vibration of Mn 2+ in a tetrahedral configuration, a weak signal at 485 cm −1 and two signals with medium intensity at approximately 310 cm −1 (Eg) and 360cm −1 (T2 g). [31] .
Oxide Co3O4 has a cubic structure, with the ions Co 2+ and Co 3+ located in the tetrahedral and octahedral positions, respectively, and it presents five Raman-active modes (A1 g, Eg and 3F2 g) [32] . One band attributed to octahedral sites (CoO6) at approximately 680 cm −1 , three bands with medium intensity at 480 cm −1 , 530 cm −1 and 580 cm −1 , and one band characteristic of tetrahedral sites (CoO4) at 190 cm −1 . Figure 4 shows the Raman spectra of the mixed oxides prepared by auto-combustion and co-precipitation. It is important to note that the vibrational modes are only associated with the Co-Mn oxides because the modes corresponding to MgO and Al2O3 are not present within the studied range [33, 34] . , which is characteristic of the hausmannite phase, along with Co3O4 signals. In the spectra of these two solids, a shift towards higher wavelengths is observed in the peak associated with the Mn3O4 phase, which can be attributed to the incorporation of Co ions into the structure of the Mn3O4 phase. However, according to the results found for these oxides, the co-existence of individual Mn3O4 and Co3O4 phases cannot be ignored. These results verify the predominant formation of the Mn3O4 phase in the mixed oxides obtained by the two methodologies, which is consistent with XRD results. The chemical mapping technique with energy-dispersive X-ray spectroscopy (EDX) was used to study the chemical composition distribution in the mixed oxides in specific regions of the materials, which is presented in Figure 5 .
A homogeneous distribution of elements is observed in both solids, indicating that equivalent oxides are obtained by using the auto-combustion and co-precipitation methodologies.
Redox Properties and Oxygen Mobility
Taking into account the Mars Van Krevelen mechanism [35] which is commonly accepted in oxidation reactions with metal oxides, a catalyst with a redox pair and high oxygen mobility is required to ensure the reoxidation of the reduced catalyst.
The redox process of the mixed oxides can be described according to the following general mechanism:
The catalyst (Cat-O) is reduced by the substrate (reducer) and then reoxidized by an oxidizer (Ox-O) to its initial state. The net results indicate an oxygen transfer from one species to another, which is verified in the specific reaction of VOCs by the oxidation of the organic compound, reduction of the oxide surface by the loss of surface oxygen atoms, and the subsequent reoxidation of the catalyst [36] .
In the present work, the temperature-programmed reduction of hydrogen (H2-TPR), oxygen storage capacity (OSC), and oxygen storage complete capacity (OSCC) techniques were used to evaluate the amount and mobility of available oxygen in the materials, and these methods provide complementary information on the redox properties of the oxides.
The H2-TPR is appropriate to investigate the amount of active oxygen species and the steps involved in the reduction process of oxides [37] . For Co oxides derived from hydrotalcite precursors, the reduction processes occur at low temperatures (<500 °C) and high temperatures (>700 °C) [38] . The reduction at T < 500 °C is attributed to the reduction of Co oxide to Co metal, Co3O4→CoO→Co, and reduction processes at high temperatures are associated with the presence of Co-Al-type or species with strong interactions within the solid solution [39, 40] .
The H2-TPR profiles of Mn oxides are complex because of the multiple oxidation states of Mn and different chemical environments in which it can be found. However, these profiles can be classified into three main regions: low temperature <300 °C; intermediate temperature 300-550 °C; and high temperatures >550 °C. The reduction processes of MnOx species with diverse particle sizes as well as that of Mn5O8 species are assigned to the low temperature region; the transitions of MnO2/Mn2O3 to Mn3O4 and Mn3O4 species to the reduced form of Mn (MnO) are assigned to the intermediate region [41, 42] and reduction processes of the Mn spinel phases, such as MnAl2O4, and Mn species that present strong interactions in solid solution are assigned to the high temperature region [43] . Figure 6 shows the H2-TPR profiles of the Co-Mn-Mg-Al mixed oxides. The ACCoMn and CPCoMn solids show reduction signals along all of the evaluated temperature ranges. In general, the signals observed for these oxides at temperatures <500 °C are assigned to the reduction of Mn /Co 2+ to CoO, whereas the signals observed at temperatures >500 °C are assigned to reduction events of the Co or Mn spinels with Al [27] . The presence of a signal at 895 °C is indicative of the formation of other species in addition to the Mn3O4, Co3O4 and Mn3-xCoxO4 phases found by XRD for these solids (cobalt aluminates). The signal at 680 °C in the ACCoMn solid indicates the presence of Mn species with significant interactions in the solid solution or MnAl2O4-type spinels that are generated because of the high temperatures that can be reached in the auto-combustion process (1400-1600 °C) [44] , which decreases the oxygen mobility inside the material. This signal is not present in the CPCoMn oxide.
According to the XRD and Raman results, the predominant phase in the ACCoMn and CPCoMn oxides corresponds to the Mn3O4 phase, which is reduced to MnO at approximately 490 °C [24] . Figure  6 shows that this reduction process occurs at 480 and 450 °C for ACCoMn and CPCoMn, respectively, indicating that a lower temperature is required to carry out the Mn3O4 reduction in the solid synthesized by co-precipitation (CPCoMn). According to certain reports [4, 30] this behavior reveals that in the Co-Mn mixed oxides obtained by co-precipitation, the reduction temperatures decrease because of a possible substitution of Co ions by Mn ions in the structure, which leads to a distortion of the lattice and generation of oxygen vacancies that destabilize the Mn-O bond.
In the case of the ACCoMn oxide, the elevated synthesis temperatures favor fusion and coalescence processes in the metals [44] , provoking the formation of species with strong interactions that decrease their mobility. Thus, the presence of oxygen vacancies is the determining factor for oxygen mobility, and such mobility increases when the strength of the M-O bond decreases. The quantity of hydrogen consumed by means of the area below the curve permits the estimation of the quantity of species reducible with the temperature. For CPCoMn a H2 consumption of 1257 µmol g −1 at
T < 350 °C was observed which corresponds to the range where the catalytic oxidation of VOCs occurs. For ACCoMn the consumption was 965 µmol g −1 in this temperature region. These H2 values correspond to 25% and 18% of the total quantity of H2 consumed for CPCoMn and ACCoMn, respectively, which indicates that the oxide CPCoMn presents the greatest quantity of reducible species within the temperature range evaluated. Additionally, the reduction of the CPCoMn oxide begins at lower temperatures, with a peak around 150 °C attributed to the presence of very active species on the surface of this oxide, capable of participating in the catalytic process. This peak is absent in the ACCoMn oxide.
On the other hand, the OSC and OSCC techniques are used to complement the study of surface and bulk oxygen reactivity, which is directly related to the oxygen mobility and redox properties of the material. The OSC was calculated from the amount of O2 consumed after an H2 pulse, and this value corresponds to the most active and available oxygen species for reaction. The OSCC corresponds to the total amount of reactive oxygen species (surface plus bulk), and it was evaluated based on the total amount of oxygen consumed after a series of H2 pulses until complete reaction of the materials. These analyses also provide information on the reoxidation capacity of the material using oxygen from the gas phase, which is a determining property to avoid the loss of the catalyst activity [45] .
To determine the oxygen storage capacity of the catalysts in the temperature range used in VOC oxidation (100-400 °C), the OSC of the materials was evaluated under dynamic conditions at different temperatures. This study collected data on the more labile or reactive oxygen species that can participate in oxidation reactions as well as the redox ability of the materials, which stimulates the electron transfer in the VOC oxidation mechanism. The OSC increases with increases of temperature because of the participation of lattice oxygen that migrate and are available for the reaction [46] . At temperatures <300 °C, the oxygen at the surface and close to the surface contribute to the OSC, whereas at temperatures >300 °C, the migration of bulk oxygen plays an important role in the OSC performance [47] .
The temperature dependence of the OSC is also verified in Table 2 , where values for the mixed oxides are recorded after two H2-O2 pulse cycles at different temperatures, which indicated that the oxygen consumption was similar in the two cycles in both materials, suggesting reversibility in the redox process. These results show successful electron transfer by the Co and Mn mixed oxides because of the presence of phases such as Mn3O4 and Co3O4, (M 2+ and M 3+ ), which present different oxidation states inside the structure and act as active components in the redox system. Figure 7 shows that the redox properties and oxygen mobility are superior in the oxide obtained by co-precipitation; this result is most likely because of the incorporation of Co into the Mn oxide structure, which increases the migration of lattice oxygen and generation of vacancies in the structure and leads to the formation of weak bonds with oxygen species and increased OSC. The OSCC can be used to study the total amount of oxygen species available in the oxides (surface plus bulk) that act as a reserve bank and contribute to the reoxidation of the catalyst, continuing the redox cycle even when gaseous oxygen is absent in the reaction current [12] . The maximum amount of both surface as well as lattice oxygen species that can participate in the catalytic oxidation of VOCs is determined at 400 °C, and the average OSC values of ACCoMn and CPCoMn are 3.8 and 4.8 µmolO2/g cat., respectively, whereas the OSCC at that temperature corresponds to 7.6 and 33.5 µmolO2/g cat., respectively. It is evident that there is a greater contribution of lattice oxygen in the CPCoMn solid (~86%) compared with that of the ACCoMn oxide (~50%). However, the results show the joint participation of the surface and lattice oxygen in both materials during the oxidation reactions.
The H2-TPR, OSC and OSCC analyses revealed that the synthesis method influences the oxygen storage capacity, redox properties and oxygen species migration in the structure and demonstrated that the co-precipitation methodology promotes such properties. Although small crystallite sizes favor the formation of easily reducible species [48] , crystallite size did not appear to determine the redox behavior of the evaluated materials because CPCoMn exhibits the most important values of OSC, OSCC and lowest reduction temperatures, but shows the largest particle size.
Considering that the materials with high specific areas show more active sites to adsorb O2 from the gaseous phase and more active oxygen species [49] , the study of the relation between the specific area and OSC was investigated by several authors [46, 50, 51] . Kamiuchi et al. [50] studied the OSC of Pt catalysts supported on Ce-Zr oxides calcined at 800 °C and 1000 °C whose areas correspond to 64 m 2 /g and 25 m 2 /g, respectively. However, the OSC values were comparable for materials with different areas (~400 μmol g −1 ), indicating that the OSC of the Pt/CZ catalysts is independent of the specific area.
Likewise, Mamontov et al. [51] found a poor relation between the specific area and the OSC in Ce-Zr oxides while they established a direct correlation between the oxygen vacancies, the presence of defects and the OSC. On the other hand, in Ce-Co oxides, Wang et al. [47] suggested that the incorporation of Co in the structure of CeO2 leads a lattice distortion with the generation of oxygen vacancies, which lead to a promotion of OSC in the Co-Ce oxides with respect to the individual Ce oxide. Taking into account the aforementioned research, the OSC values determined in the present work are attributed mainly to the presence of vacancies by the incorporation of Co in the structure of the manganese oxide, being most important in the oxide obtained by co-precipitation CPCoMn as demonstrated by the TPR-H2 y OSC results. Then, the specific area does not appear to be a determining factor in the OSC of the Co-Mn oxides evaluated in the present work.
The isotopic exchange technique is one of the most frequently used methods of evaluating oxygen mobility. In addition, isotopic exchange mainly occurs after 320 °C and 270 °C in ACCoMn and CPCoMn, respectively, indicating that in this last solid, the mobility of the lattice oxygen is high because oxygen is capable of participating in the exchange process even at temperatures <300 °C, which usually indicates the participation of surface oxygen species.
The isotopic exchange results confirm that the lattice oxygen from the Co-Mn oxides synthesized by both methodologies participates in the oxidation reactions, and their participation is more important in the CPCoMn solid. These results are consistent with the analysis performed based on the H2-TPR, OSC and OSCC results.
Oxidation Reaction
VOCs from mobile and stationary sources of emission are present as mixtures and not individually, which has increased interest in the evaluation of the oxidation of VOC mixtures. Figure 9 shows the conversion of mixtures of two VOCs (toluene and 2-propanol) towards CO2 in the studied oxides. The oxidation of toluene and 2-propanol mixture is not 100% selective towards CO2 because acetone and propene appear as intermediate products of the reaction. These results are consistent with those reported for the individual oxidation of 2-propanol, where ketone and alkene are formed from the dehydrogenation and dehydration reactions of the alcohol [54] . The T50 and T90 values that correspond to the temperatures required to reach 50 and 90% conversions towards CO2, respectively, are used to compare the catalytic performance of the oxides. Table 3 presents the T50 and T90 values of the ACCoMn and CPCoMn oxides, where lower conversion temperatures are observed with the solid synthesized by co-precipitation, which implies a better catalytic performance in the oxidation of the VOC mixture. Furthermore, the conversion temperatures are related to the OSC and the exchange capacity in terms of the 16 O2 concentration, which indicates that the catalytic properties of the materials are directly dependent on their redox properties and oxygen mobility. Thus, CPCoMn shows greater OSC values at the respective T90 and T50 because of the greater concentrations of 16 O2. In addition, CPCoMn exhibits the greatest catalytic activity towards the total combustion of the VOC mixture ( Figure 10) , with complete conversion towards CO2 and H2O occurring at 360 °C, which is lower than the temperature required for ACCoMn to achieve total oxidation (370 °C). The relation between oxygen mobility and catalytic behavior is likewise reported by Cimino et al. [55] regarding hexaaluminates of Mn and La synthesized by auto-combustion and co-precipitation, where the catalysts prepared by co-precipitation showed better oxygen mobility and therefore a better catalytic behavior in the combustion of methanol.
Based on the information provided by the OSC values on the most labile oxygen species and isotopic exchange analysis on the lattice oxygen, the correlation results demonstrate the joint participation of surface and lattice oxygen in the oxidation of the VOC mixture on the mixed oxides.
Additionally, in Table 3 the catalytic behavior of the Co-Mn oxides is compared with that of the reference 1%Pt/Al2O3 [9] where it is shown that the mixed oxides present higher conversion temperatures to the latter. The reason for this behavior is that the total oxidation of VOCs is determined by the compound that is the most difficult to oxidize which in this case is toluene-a compound easily oxidized by the Pt/Al2O3 that is the most active metal for the conversion of aromatic structures [56] . The ACCoMn mixed oxide was produced by the addition of the respective nitrates to glycine, maintaining constant agitation. The resulting solution was slowly evaporated until a gel was obtained, and it was heated at approximately 100 °C to initiate the ignition process (~10 min). Once the ignition reaction is completed (~3 min), a powder is produced, and it is then calcined at 500 °C for 4 h to remove the remaining carbonaceous residues and obtain the corresponding oxide.
Co-Precipitation
The CPCoMn mixed oxide was synthetized by thermal decomposition of the hydrotalcite-type precursor (HTCoMn) obtained by the simultaneous co-precipitation method, which used solutions of the respective nitrates. The molar ratios used in the mixed oxide synthesized by auto-combustion were maintained.
The under constant agitation, with the pH maintained at 9.5 and 10.5 by addition of a 1 M NaOH solution. The obtained precipitate was aged for 18 h without agitation. Subsequently, the solid was washed and dried at 60 °C in air for 18 h to obtain the hydrotalcite and calcined at 500 °C for 16 h to obtain the respective mixed oxide.
Characterization
The chemical analysis of the materials was performed using an X-ray fluorescence spectrometer MagixPro PW-2440 (Phillips), which has a maximum power of 4 KW.
The composition of the phases present in the oxides was determined by the XRD in a Panalytical X´Pert PRO MPD instrument equipped with a copper anode (λ = 1.5406 Å), using a scan speed of 1° θ min −1 and step size of 0.02° θ. The particle size was calculated with the Scherrer equation using the most intense signal corresponding to each oxide. The Raman spectra were collected in a dispersion spectrometer (Horiva Jobin Yvon LabRam HR800) with a He-Ne green laser at 20 mW (532.1 nm) without a filter and with a 600 g mm −1 grid. The microscope uses an objective of 50 with a confocal aperture of 1000 μm [45] . The scanning electron micrographs (SEM) were collected using a Hitachi S2700 equipped with an energy-dispersive X-ray spectrometer (Bruker Quantax 400).
The H2-TPR was performed in a ChemBET 3000 Quantachrome equipped with a thermal conductivity detector. The materials (0.100 g) were previously degassed at 400 °C for 1 h in the presence of Ar and reduced using a 10% (v/v) H2/Ar mixture at a flow rate of 30 mL/min and a heating ramp of 10 °C/min. The hydrogen consumption was calculated from a CuO calibration curve, and OriginPro 8.0 software was used to quantify the areas associated with the H2 consumption.
The OSC and 18 O/ 16 O isotopic exchange analyses were performed in a device designed and tuned by a group at Estado Sólido y Catálisis Ambiental (ESCA). For the OSC analyses, two measurements were performed: (i) OSCC, and (ii) OSC under dynamic conditions. Prior to performing the two measurements, the samples (0.015 g in 0.100 g of SiC) were pre-oxidized under an air flow of 10 mL/min (21% O2) at 400 °C for 40 min and subsequently purged with Ar until the 16 O2 was not detected.
In the OSC measurements, after the pretreatment, the samples were cooled to 200 °C under Ar flow (10 mL/min) and alternating pulses of H2-O2 at 50 µL were performed until two cycles were completed. To determine the amount of available oxygen in the solids within a temperature range, this same procedure was used at temperatures of approximately 275, 345 and 400 °C.
The concentration of the output gases H2, O2, H2O, Ar, and He were monitored by mass spectroscopy (Omnistar mass spectrometer) at m/z = 2, 32, 18, 40 and 4, respectively.
For the OSCC analysis, the temperature was kept constant at 400 °C, Ar flow was maintained at 10 mL/min, successive H2 (99.99%) pulses of 50 µL were injected until saturation of the samples, and two successive O2 pulses (15.2% in He) of 50 µL were injected to reoxidize the solid until O2 consumption was not observed.
The OSCC and OSC were calculated based on the amount of oxygen consumed during the reoxidation stage after the H2 pulses, and the values were expressed in terms of µmolO2 g −1 of catalyst. OriginPro 8.0 software was used to quantify the areas of each pulse associated with the O2 signal. For the isotopic exchange tests, the samples (0.030 g with 0.100 g of SiC) were treated under an air current (10 mL/min) at 400 °C for 1 h. After the pretreatment, the sample was left to cool down to 200 °C under Ar flow. Pulses of 
Catalytic Evaluation
To evaluate the catalytic performance of the Co-Mn mixed oxides obtained by the auto-combustion and co-precipitation methodologies, a mixture of 250 ppm toluene and 250 ppm 2-propanol in air was employed.
The catalysts were pretreated in air at 400 °C for 1 h before starting the reaction. The complete oxidation of the VOCs was conducted in a fixed-bed tubular reactor at atmospheric pressure with a heating ramp of 1.5 °C/min. The VOC liquid mixture was fed with a high-performance liquid chromatography (HPLC) pump (Jasco PU 1585) and diluted with air until the desired composition was obtained. A total flow of 500 mL/min and 0.200 g catalyst (sieved at <250 μm) were used. The reaction products were detected with a mass spectrometer (Balzers Instruments, Omnistar) and CO2 detector (Sensotrans IR). The performance towards CO2 was calculated as the ratio between the CO2 concentration at any temperature divided by its value when complete conversion is reached at high temperatures and no other oxidation products are observed.
Conclusions
Co-Mn-Mg-Al oxides were successfully obtained by the auto-combustion and co-precipitation methodologies. The formation of a hydrotalcite-type precursor was verified in the production of the CPCoMn oxide, whereas the mixed oxide is directly generated through the synthesis by auto-combustion.
A Co-Mn mixed oxide with greater crystallite size was obtained through co-precipitation. However, a cooperative effect may occur between Co and Mn that increases the redox properties and oxygen mobility and improves the catalytic activity, demonstrating that crystal size is not a determinant in the catalytic performance of the material. The catalytic behavior in the total oxidation of the binary mixture of toluene and 2-propanol is dependent on the redox properties of the solid; thus, the catalyst that presents greater OSC values exhibits the lowest conversion temperatures.
